methods, many case studies have shown the association between sequence and function/structure divergence (e.g., Gaucher et al. 2002a; Landgraf et al. 2001; Wang and Gu 2001; Jordan et al. 2001; Gribaldo et al. 2003; Gao et al. 2005; Rastogi and Liberles 2005; Zhou et al. 2006 ).
Types of functional divergence in protein sequence evolution
From the view of molecular evolution, an amino acid residue is said to be functionally or structurally important if it is evolutionarily conserved (Kimura, 1983) . Therefore, change of the evolutionary conservation at a particular residue may indicate the involvement of functional divergence during the evolution of a gene family (Gu, 1999) . Furthermore, Gu (2001) made a distinction between Type-I and Type-II functional divergences. Note that these two types of functional divergence may have other names. For instance, the basic Evolutionary Trace approach (Lichtarge et al. 1996; Madabushi et al. 2004 ) mainly focused on cluster-specific residues related to Type-II functional divergence. Gribaldo et al. (2003) also looked at Type-II functional divergence as called 'constant-but-different'.
Meanwhile, the weighted Evolutionary Trace approach proposed by Landgraf et al. (2001) was similar to Type-I functional divergence (Gu 1999) .
Type-I functional divergence (Site-specific rate shift)
This type of functional divergence refers to the evolutionary process, resulting in site-specific rate shifts after gene duplication (Gu 1999; Gaucher et al. 2002b; Landgraf et al. 2001; Knudsen and Miyamoto 2001; Lopez et al. 1999) . Typically, an amino acid residue is highly conserved in one duplicate gene, but highly variable in the other one. Gu (1999) has developed a statistical method to test the significance of Type-I functional divergence between duplicate genes. Briefly, the two-state model proposed by Gu (1999) assumed that an amino acid residue (site) is in either one of two states: related to functional divergence if its evolutionary rate is shifted (up or down) after gene duplication; or unrelated to functional divergence for otherwise. The coefficient of (Type-I) functional divergence between duplicate genes, denoted by θ I , is defined as the probability of being related to functional divergence. Clearly, a large value of θ I indicates a high level of Type-I functional divergence, and vice versa. In a typical case when two gene clusters are generated by a gene duplication event, the coefficient of (Type-I) functional divergence between them can be estimated (Gu 1999; Gu and Vander Velden 2002) . Rejection of the null hypothesis θ I =0 means that the evolutionary rate has become different between the duplicate genes at some sites. Using this method, many case studies has demonstrated the functional-structural basis, e.g., the Caspase family , and the Jak protein kinase family . Moreover, a site-specific profile based on the empirical posterior analysis is useful to predict amino acid residues that are crucial for functional divergence.
Type-II functional divergence (site-specific property shift)
As opposed to site-specific shift of evolutionary rate (Type-I functional divergence), Type-II functional divergence results in site-specific property shift. A typical case is that at a homologous residue (one column in the multiple alignment of the gene family), a radical shift of amino acid property, e.g., positively versus negatively charged, has occurred between two duplicate genes; otherwise they are both evolutionally conserved within each of orthologous genes. Gu (2006) proposed a statistical method for the Type-II functional divergence inference by extending the two-state model (Gu 1999 (Gu , 2001 to Type-II (cluster-specific) functional divergence: (i) In the early (E) stage after gene duplication, an amino acid residue can be in either of two states: Type-II unrelated and (Dayhoff et al. 1978) , or the JTT model (Jones, Taylor, and Thornton 1992) . In contrast, under the functional divergence-related status, radical amino acid substitutions may occur more frequently (Lichtarge et al. 1996) . To avoid over-parameterization, Gu (2006) proposed a simple model that can distinguish between the radical and conserved amino acid substitutions. First, we tentatively classify twenty amino acids into four groups: charge positive (K, R, H), charge negative (D, E), hydrophilic (S, T, N, Q, C, G, P), and hydrophobic (A, I, L, M, F, W, V, Y) . An amino acid substitution is called radical if it changes from one group to another; otherwise it is called conserved. In a typical case when two gene clusters generated by a gene duplication event, the coefficient of (Type-II) functional divergence between them can be estimated. Moreover, a site-specific profile based on the empirical posterior analysis is useful to predict amino acid residues that are crucial for Type-II functional divergence.
Evidence for the association between functional divergence and changes in function after gene duplication
Using statistical methods in software DIVERGE (Gu and Vander 2002) , our group has conducted a large-scale analysis showing that site-specific rate shift (type-I functional divergence) is a general evolutionary pattern. Moreover, we found evidence that the level of site-specific rate shift of member genes could be related to protein structure differences Gaucher et al. 2002a) , the severity of knockout phenotypes, and tissue-specificity.
G-protein alpha subunit as an example
G proteins, short for guanine nucleotide binding proteins, are a family of proteins involved in second messenger cascades. These proteins are activated by G protein-coupled receptors and are made up of alpha, beta and gamma subunits. There are over 16 G-protein alpha subunits in animals, which can be further divided into four major classes: Gs, Gio, Gq, and G12, respectively (Simon et al. 1991; Neer 1995; Downes et al 1999; Cabrera-Vera et al. 2003) , depending on their actions upon the effectors. In the project, we have predicted amino acid residues that are related to either Type-I or Type-II functional divergence between the Gq and Gs subfamilies. The inferred ancestral sequences for these sites are helpful to explore the trends of functional divergence. Finally, these predicted residues are mapped to the protein structures to test whether these residues may have 3D structure or solvent accessibility preference. We shall demonstrate how to identify amino acid residues that are crucial for different types of functional divergence between duplicate genes, infer the trend of evolutionary changes at these residues, as well as protein structural interpretations of these predicted residues. The phylogenetic tree of the whole family was inferred by the neighbor-joining (NJ) method (Saitou and Nei 1987) . The parsimony (PAUP4.0) and likelihood (PHYLIP) methods give virtually the same topology.
CHAPTER II. DATA AND METHODS

Protein structure data
We downloaded the 3D structures of Gs and Gq from the RCSB Protein database (http://www.rcsb.org/), and the MMDB (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Structure) with respective data formats. In our study, we utilized the structure of Gs_BOVIN, the chain C of the PDB entry 1AZS, and Gq_MOUSE, the chain Q of PDB entry 2BCJ.
DIVERGE2: Analytical pipeline for comprehensive functional divergence analysis
The software DIVERGE (Gu and Vander Velden 2002 ) is a software system to study functional divergence between member genes of a protein family based on (site-specific)
shifted evolutionary rates (Type-I) after gene duplication.
Posterior analysis results in a site-specific profile for predicting important amino acid residues that are responsible for this type of functional divergence. Moreover, when the 3D protein structure is available, these predicted amino acid residues can be mapped to the 3D structure viewer to explore their structural basis.
The updated version, named DIVERGE2, has provided more options (e.g., Type-II functional divergence) to explore functional evolution of protein family sequences. One can use the site-specific profiles to detect amino acid residues that are crucial for this type (I or II) of functional divergence. In practice, one may use the site (k)-specific score Q I (k), or Q II (k), the posterior probability that site k is related to Type-I or Type-II functional divergence. Another commonly used measure is based on the posterior ratio; in our case, it is given by
. When a cutoff is given, important residues for two types of functional divergence are predicted.
Ancestral sequence inference
Ancestral sequence inference under a given phylogeny is becoming an important approach in molecular biology and functional comparative genomics (Golding and Dean, 1998) . This is partly because evolution has selected proteins for function over hundred or even thousand millions of years, keeping those that carried out critical functions, and eliminating deleterious mutations. We have recognized that ancestral sequence reconstruction is a powerful technique for linking sequence to function. An important development of DIVERGE2 is to provide an analytical pipeline for combining functional divergence and ancestral sequence inference, which can be used to infer the trends of functional divergence. Currently, DIVERGE2 adopts the Bayesian algorithm of Zhang et al. (1997) to infer the ancestral sequences under a known phylogeny of gene family. It is a simplified version of Yang et al. (1995) in which the branch lengths of the phylogenetic tree are estimated using a least squared method rather than the maximum-likelihood method. Each site in the inferred ancestral sequence receives the assignment of amino acid with the highest posterior probability. Using this approach one may determine whether an amino acid residue that was highly conserved in the ancestral protein sequence now becomes highly variable, or vice versa.
Mapping predicted amino acid residues to protein structure
Important features of the physical environment of a residue such as secondary structure, and whether the site is on the surface or in the interior of a protein, can be extracted from the solved 3D structure. We take the criteria of accessible surface area (ASA) to define the surface area of a bimolecule accessible to a solvent (Lee and Richards 1971) .
Residues are considered to be solvent exposed (on the surface, o for short) or be buried (inside, i for short) according to the relative ASA in the protein. The program JOY (Mizuguchi et al. 1998 ) was used to compute the relative ASA and assign all the residues to "solvent inaccessible" or "solvent accessible" with the default cutoff of 7% relative accessibility. As an alternative method for computing residue accessibility, NACCESS (Hubbard and Thornton 1993) gave similar results.
CHAPTER III. RESULTS AND DISSCUSSION
Consistent to previous results, the four major classes of G-protein alpha subunit family are monophyletic. As an example, we choose Gs and Gq, the two major classes of G-protein alpha subunits, to demonstrate the ancestral-based analysis of functional divergence. Fig.1 is the phylogenetic tree of Gs and Gq classes. The Gs class, which consists of Gs and Golf subtypes, is involved in hormonal stimulation of adenylate cyclase and opening of Ca2+ channels. While the Gs subtype is expressed in almost all tissue types, the Golf subtype is expressed exclusively in olfactory cells and is thought to be involved specifically in odorant signal transduction (Kaziro et al. 1991 ). On the other hand, the class Gq has the function of simulating phospholipase C (PLC), which has four subtypes: Gq, G11, G14, and G15. In spite of the fact that Gq and G11 are widely distributed and often found in the same cell types, they may have different receptors and effectors or act in different developmental stages. G14 and G15 are tissue-specific, which may interact with different members of the phospholipase family. In this demonstration, G15 subtype is not included in the Gq class. It should be noted that the alignment of all the 81 protein sequences is the input of our software; whereas Gs and Gq(without G15) classes are two demonstration clusters selected in the analysis. 
Functional divergence between Gs and Gq proteins
Type-I functional divergence
We first tested the site-specific shift of evolutionary rate (Type-I functional divergence) after the gene duplication event leading to Gs and Gq subtypes. The coefficient of Type-I functional divergence between Gs and Gq is θ I = 0.53 ± 0.08, which is significantly larger than 0. Hence, site-specific rate difference may occur at some amino acid residues after the gene duplication. Fig.2 shows the site-specific profile of posterior ratio, R I (k); notably, most sites are unlikely to be involved in the Type-I functional divergence. We used the cutoff R I >2 (the posterior probability Q I (k)>0.67) to identify the (Type-I) functional divergence-related residues between Gs and Gq, and obtained twenty-five amino acid residues (Fig.3) . This cutoff value is empirical. Generally, the cutoff value in terms of posterior ratio is large than 1(large than 0.5 for Q, the posterior probability); for large θ values, we should choose a large cutoff value to avoid too much false positive results.
These sites clearly show a typical pattern of Type-I functional divergence, i.e., conserved amino acid in one cluster, and diverse amino acids in the other one. Moreover, these predicted sites can be divided into two groups. Group A in Fig. 3 includes 15 sites that conserved in Gq but not conserved in Gs, while the group B includes 10 sites that conserved in Gs but not conserved in Gq. Consequently, Gq proteins become more conserved than Gs proteins. 
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Type-II functional divergence
Based on the same multiple alignment of protein sequences, we obtained the estimate of the coefficient of Type-II functional divergence, θ II = 0.325±0.055, between the Gs and Gq alpha proteins, which is significantly larger than 0. It suggests that, after the gene duplication, some amino acid residues that are evolutionarily conserved in both Gs and Gq proteins may have radical changes in their amino acid properties. Fig.4 shows the site-specific profile based on the posterior ratio, R II (k), for Type-II functional divergence between Gs and Gq proteins. Notably, most residues receive very low scores, indicating that only a small portion of amino acid residues that have involved in this type of functional divergence. 29 amino acid residues with the highest scores (the posterior ratio R II >17) show a typical shift of amino acid properties at conserved residues (Fig.5 ), as been demonstrated in Table 1 . 
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Evolutionary trends of functional divergence -Ancestral inference analysis
Using the Bayesian ancestral sequence inference implemented in the software DIVERGE2, we inferred the ancestral sequences of all internal nodes on the phylogeny of G-protein alpha subunits, which provides further information about the evolutionary trends of functional divergence. Since our study is focused on the Gq and Gs clusters, we are interested in the ancestor node for the Gs cluster, Gq cluster, the Gs and Gio clusters, and the Gq and G12 clusters. All these four major internal nodes are represented in Fig. 6, where the "X" stands for the ancestor for the Gq cluster, the "Y" stands for the ancestor for the Gs cluster, the "Z" stands for the common ancestor for the Gs and Gio clusters, and the "z" stands for the common ancestor for the Gq and G12 clusters. The whole sequences for these four ancestors are concerned. In particular, the inferred ancestral amino acid residues related to Type-I or Type-II functional divergence sites are presented in Fig. 3 and Fig. 5 , respectively, where X is the ancestral residues for the Gq cluster, Y is the ancestral residues for the Gs cluster, Z is the common ancestral residues for the Gs and Gio clusters, and z is the common ancestral residues for the Gq and G12 clusters. As shown in Fig. 3 , there are two groups of Type-I functional divergence. Among fifteen residues in Group A, i.e., conserved in Gq but variable in Gs, five residues (e.g., position 088) show the conserved Gq-type amino acid at all four major internal nodes (X, Y, Z, and z), while six residues (e.g., position 016) show the conserved Gq-type amino acid in three internal nodes but not at the Y (common ancestor of Gs). Putting these two ancestral patterns together, it appears that the ancestral states of these eleven residues are all conserved Gq-type, whereas the variable Gs-type residues are the derived characters that are only specific to Gs-proteins. The only difference between these two ancestral patterns is that Type-I functional divergence at the first five residues likely occurred after the common ancestor of Gs (Y), while those at the second six residues occurred before the z Z Y X Gio Gq Gs G12 node Y. On the other hand, among ten residues in Group B, i.e., conserved in Gs but variable in Gq, two residues (positions 200 and 396) show the conserved Gs-type amino acid at all four major internal nodes, while another two residues (positions 170 and 384)
show such pattern except for the common ancestor of Gq (X). Interestingly, for the two residues at positions 214 and 398, the conserved Gs-type is recently derived, which is specific to the Gs cluster. For the rest of residues, one can not determine the trend of functional divergence, due to the statistical uncertainty of phylogenetic inference or ancestral sequence inference.
In the same manner, we examined the ancestral amino acid residues for Type-II functional divergence (Fig.5) . Among twenty-nine predicted Type-II divergence related residues, seventeen residues (e.g., position 013) show an ancestral patterns indicating these amino acid property-shifts at conserved residues may occur in the evolutionary trend that can be simply represented as from the internal nodes z (ancestral type) to Y (Gs-type). In contrast, the ancestral pattern of four residues (e.g., position 065) indicates the evolutionary trend of Type-II functional divergence from the internal nodes Z (ancestral type) to X (Gq-type).
Protein structure mapping
Comparative study of molecular sequences and protein structures has provided many insights into protein folding, stability and evolution (Golding and Dean, 1998) . The structure information for particular residues such as functional divergence related residues could provide a deep insight into the evolution trends. The crystal structures of G-proteins, Gs and Gq, are both determined (Tesmer et al. 1997; Tesmer et al. 2005; Wall et al. 1995; Lambright et al. 1996; Cabrera-Vera et al. 2003) , which provide the structural basis to investigate the functional interpretations of these Type-I and Type-II predicted residues.
The software DIVERGE2 we have developed is capable of mapping a subset of amino acid residues onto the protein structure. It should be noted that some residues in either N or C termini are not available or simply disordered in the solved protein structures (Cabrera-Vera et al. 2003) . Consequently, predicted Type-I and Type-II residues (sites) in these regions have to be excluded in the sequence-structure study.
A G-protein alpha subunit contains two domains: a GTPase domain involved in the binding and hydrolysis of GTP, and a helical domain connected to the GTPase domain by two linker regions (Cabrera-Vera et al. 2003 ). Fig. 7 shows the location of predicted Type-I and Type-II functional divergence related sites on the protein 3D structures of Gs_BOVIN and Gq_MOUSE. The mapping result suggests that the Type-I and Type-II sites have different patterns of location distribution. Among twenty-five Type-I sites predicted at the cutoff posterior ratio R I >2, there are thirteen sites in the helical domain (in the range of PDB sites , while the rest, around half of the total, are located in the GTPase domain. It should be noted that some predicted sites in N-terminal can not be mapped due to lacking of structure information as mentioned in previous paragraph, therefore Fig. 7 only shows part of Type-I sites in the GTPase domain. Interestingly, in the twenty-nine Type-II (radical cluster-specific) sites predicted at the posterior ratio cutoff 17 (or posterior probability 0.94), there are only three sites located in the helical domain, while twenty-six sites are in the GTPase domain (p<0.001, binomial test). Fig.7 shows the locations of twenty-eight sites out of the predicted twenty-nine Type-II sites and reveals that most of the predicted Type-II sites are located in the ATPase domain. Cabrera-Vera et al. (2003) mentioned that the helical domain is the most divergent domain among the G-protein alpha subunits, whereas the GTPase domain is much more conserved. Our result indicates that the Type-II sites may be involved in more conserved domain, implying the relevance of these sites to the domain function. 
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Moreover, we examined the distribution of Type-I and Type-II functional divergence related sites in the secondary structure elements. Table 2 (A, and B) shows that most of these sites are within the typical repeat elements of secondary structure such as alpha helices, beta strands and 310 helices.
Besides the secondary structure distribution of these functional divergence-related sites,
we are concerned about whether they are located on the surface or in the interior of the protein.
To address this issue, we take the criteria of accessible surface area (ASA) to define the surface area of a bimolecule accessible to a solvent (Lee and Richards 1971) .
Residues are considered to be solvent exposed (on the surface, o for short) or be buried (inside, i for short) according to the relative ASA in the protein. Overall, we found that the Type-I and the Type-II sites may have the tendency to be located in the surface area ( are more solvent accessible residues in Gs than in Gq among these Type-II sites. In this table, the letter "a" stands for alpha helices, "b" stands for beta strands and "3" stands for 310 helices.
"i "means solvent inaccessible and "o" means solvent accessible.
"-" means there is no residue structure information available. The table only considered the residues with available structure information, i.e., some N and C termini are not included. The p-value for testing the non-difference of the accessibility between the functional divergence related (Type-I or Type-II) sites and the functional divergence unrelated sites is large than 0.1 and reveals no significant difference between those sites.
CHAPTER IV. CONCLUSIONS
Providing substantial genomic data, plus powerful computational tools, it is now desirable to develop a comprehensive analytical pipeline to perform functional divergence analysis of protein families. In this project, we use animal G-protein alpha subunit family as an example to illustrate such an analytical pipeline. Advanced to our previous works, which can only detect type-I functional divergence between duplication genes (or subfamilies) in protein families and identify residues responsible for the functional divergence, this approach includes detecting different types, say, type-I and type-II, of functional divergence, as well as identifying the functional residues, and can be further combined with ancestral sequence inference and available residue protein structure information.
By this approach, we are more than able to exam two types of functional divergences between duplication genes. With the combination of functional divergence analysis and the ancestral sequence inference, we are able to trace the evolutionary trend of two types of functional divergence of amino acid residues after the gene duplication. With the sequence-3D structure mapping we can get the structure features of the particular functional divergence of amino acid residues, and explore the sequence-structure relationship during the evolution. Clearly, these pieces of evolutionary information are useful for making testable hypothesis about functional divergence between subtypes of G-protein alpha subunits, which can be verified by further experimentation.
